empowered, they will enhance the power and flexibility of their evolutionary analyses.
Biologists need to strengthen the theoretical biology underlying bioinformatics, that rests on three cornerstones: evolution (phylogenetics and population genetics), biophysics (thermodynamics, quantum mechanics, statistical mechanics, kinetics), and information science (information theory, computational linguistics, coding theory). Such strengthening will enable bioinformatics to mature beyond statistical pattern matching and database management. All three cornerstones extensively employ mathematics and computer science. While we urge the development of the theoretical underpinnings of bioinformatics as a discipline, we particularly emphasize the importance of maintaining a phylogenetic perspective in contemporary bioinformatics analyses.
Elevating Evolution in Standard Microbiology Curricula
Educators disagreed during the last decade over whether graduate and medical students studying microbiology had a solid sense of evolution. Thus, in 1999, ASM devised a major change in curriculum by developing a telecourse in microbiology, "Unseen Life on Earth." It devotes one of its 12 sections to evolution, and frequently features evolution in the context of the other 11 sections.
We-Jungck along with Marion Field Fass and Ethel D. Stanley (both colleagues in the BioQUEST Curriculum Consortium and professsors at Beloit College)-took that curriculum change further when we
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• Biologists need to infuse bioinformatics research and educational curricula and efforts with evolutionary theory.
• To go beyond mere statistical pattern-matching and database management, the theoretical biology underlying bioinformatics needs to be strengthened, and its three cornerstones of evolution, biophysics, and information science emphasized.
• The Proteome and Genome Rearrangementbased Phylogeny, or PGRAPH, software system helps to address questions of gene order.
• Triangulating evidence from multiple sequence alignments, phylogenetic trees, and stratigraphic maps helps when checking the plausibility of evolutionary relationships. He was inspired by-and participated in-the civil rights and peace movements during the 1960s. However, his motivation for education reform likely stems from the three years he spent as a child in a two-room country schoolhouse in Kasota, Minn. The experience prompted him "to always fight for . . .resources and access to science and mathematics for rural poor children, and to respect that good minds can be born anywhere and in any social circumstances," he says.
As an athlete, Jungck grew up hating the stereotype "of the dumb jock," and has "fought for academic respect for individuals with athletic backgrounds," he continues. "Furthermore, by engaging students in scholarship that informs their other interests, classroom activities can attract their extracurricular energies into pursuing science and mathematics."
Colleagues variously describe Jungck as an "overgrown St. Bernard puppy," which refers to his size and also his "childlike enthusiasm and eagerness to get others involved," and as a "glowering glacier," which alludes again to size but also his relentless pace. "John never moves fast, but he keeps coming after you until you move," says another colleague. Jungck also is known for playing "Beloit Noonball" basketball three times a week and for swimming, also thrice weekly. When traveling in appropriate locales, he goes scuba diving and snorkeling along coral reefs.
Jungck describes himself as a "voracious reader and bibliophile," and owns about 50,000 books. "My love for history of biology has taken my travels to the Galapagos, Down House, Brno, [and] the Amazon River," he says. "My collection includes first editions of a few Darwin books, as well as a large wooden model of the HMS Beagle." He also collects fossils and seashells.
His wife, Susan C. Jungck, whom he married in 1965, is professor and chair of the Foundations and Research Department of the National College of Education at National-Louis University and a Senior Research Fulbright Scholar in Thailand. Her anthropological research focuses on the Muslim minority among the Buddhist majority there. "She has worked some every year in Thailand for the past 21 years," he says. They have a son, Peder, who founded and runs a cybersecurity company in Silicon Valley.
Marlene Cimons
Marlene Cimons is a freelance writer in Bethesda, Md.
anthologized eight bioinformatics exercises to use with the video course. These exercises engage students in constructing phylogenetic trees after they analyze genomic sequence data and align multiple sequences. Furthermore, students are challenged to address a series of questions, including: How do we draw evolutionary inferences? How do we test evolutionary hypotheses? How does evolution inform medical and industrial problems in microbiology? Microbiologists such as Carl Woese, George Fox, and Gary Olson revolutionized biology by constructing a tree of life in which archaebacteria and eubacteria share equal status with eukaryotes. However, David Baum and Stacey DeWitt Smith of the University of Wisconsin, Madison, and Samuel Donovan of the University of Pittsburgh in Pittsburgh, Pa., assert that only professional evolutionary biologists routinely engage in such "treethinking." With the teaching of evolution under challenge, they consider this gap between experts and novices a cause for concern. They further point out that evolutionary trees serve not only as tools for biological researchers across disciplines, but also as the main framework within which evidence for evolution is evaluated.
Their opinion is not universally accepted. Some notable microbiologists argue that phylogenetic trees inadequately represent evolutionary history and that such trees do not do justice in adequately portraying the importance of phenomena such as hybridization, endosymbiosis, recombination, and horizontal gene transfer. For example, Lynn Margulis of the University of Massachusetts, Amherst, takes issue with biologists who "claim they know for sure that . . . life evolved in a single-common-trunk, dichotomously branching-phylogenetic-tree pattern." She points to alternative topologies such as webs, and criticizes those who merely "correlate computer code with names given by 'authorities' to organisms they never see!"
We believe that microbiologists should learn to better appreciate how bioinformatics can dramatically contribute to understanding microbiology. We particularly want to respond to two extreme opinions about contemporary bioinformatics. On the one hand is Margulis, who claims that computer scientists have very little to contribute. On the other is the distinguished computer scientist Pavel Pevzner of the University of California, San Diego, who satirizes biologists who lack a working knowledge of computer science and statistics.
Not only do we hope to support a more pragmatic pluralism, but we feel humbly challenged by many problems in biology even though we four have backgrounds in biology, mathematics, theoretical and applied computer science, and database management. A multidisciplinary per- spective that is informed by expertise in each discipline seems more appropriate than arguing about the primacy of one field over another.
Triangulating Evidence and Formulating Well-Posed Questions
What constitutes an independent test of an evolutionary hypothesis? Most contemporary phylogenetic trees are constructed from sequence data and, usually, are based on point mutations (substitutions, additions, or deletions) in single genes. Each tree is an evolutionary hypothesis. Typically, to improve confidence in the validity of any given tree, we use larger sets of sequence data from more organisms, more genes of the organisms that we are already considering, or improved tree construction methods.
While these three activities are each important, we can also test our confidence in a phylogenetic tree by using other sorts of data that employ whole bacterial genomes rather than subsections. In microbiology, we have the enormous advantage of having sequences for a large number of genomes. Another approach entails using gene content to examine genealogical relationships among archaebacteria and proteobacteria. Yet another approach entails mapping gene order in each of the organisms under consideration. Thus we can test a tree-based hypothesis in three different ways by comparing: (1) gene sequences, (2) gene content, and (3) gene order.
To compare maps of gene order, we developed a metric for determining distances between two maps. This metric includes a function, the reversal distance, that matches the number of permutations from one map to another. This Proteome and Genome Rearrangement-based Phylogeny (PGRAPH ) system extends our earlier work to address the "pancake flipping" computer science problem. While gene order is especially well preserved in functional groups such as operons, PGRAPH addresses questions of gene order where the underlying presumption is that genes in the same order should be considered ancestrally orthologous. PGRAPH is written in Java and is available free on the Web at http://bio.hpcc .nectec.or.th/pgraph/.
Beginners typically like using the PGRAPH system because of the ease in accessing its interface (Fig. 1) . In PGRAPH, we have a database that contains more than 200 bacterial genomes. Note that we use only fully annotated genomes, in which orthologous genes are identified.
Evaluating Phylogenetic Relationships by Splits
We particularly encourage users to simplify their question and to disentangle their complex trees by considering four or fewer operational taxonomic units (OTUs)-such as sequences, genes, and species-at a time. We also developed and use a simple spreadsheet application, called Split Decomposition, to determine which of three tree topologies best differentiates any two OTUs from two others (Fig. 2) . Split Decomposition helps to address which tree topology can be best supported.
Splits are not limited to strictly bifurcating trees. In 1998, Daniel Huson of Tubingen University, Tubingen, Germany developed software, called SplitsTree (http://www.bibiserv.techfak .uni-bielefeld.de/splits), that uses distance matri-
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Biological ESTEEM (Excel Simulations and Tools for Exploratory, Experiential Mathematics) module, Split Decomposition, by Weisstein and Jungck is downloadable from http://www.bioquest.org/esteem/. The data shown are for the forensics case known as the Florida dentist AIDS case. For both the nucleic acid sequence data and the amino acid sequence data, the patient with an HIV sequence closest to that of the dentist are isolated in the unrooted phylogenetic tree that separates them from both local controls. This sort of evolutionary evidence was conclusive in court.
ces to produce networks. Even so, some portions of a network usually are tree-like, while the other reticulate regions represent uncertainties in the phylogenetic signal. This network approach can help us to understand a great deal about ancestor-descendent relationships even in the face of hybridization, endosymbiosis, recombination, and horizontal gene transfer.
In any case, it is worth double-checking each comparative analysis and evolutionary hypothesis. This double-checking helps neophytes to realize that bioinformatics is not a turn-thecrank process but, instead, entails cautious, iterative procedures. Knowledge about organisms, metabolism, and ecology is all relevant, and bioinformatics is not solely dependent on databases of sequences.
Visualizing Evolutionary Conservation at the Molecular Level
Some biologists find multiple sequence alignments and phylogenetic trees uninformative, while some microbiologists report to us that they routinely ignore them. That attitude led us to wonder how we could help such skeptics to understand DNA sequence relationships better and to relate evolutionary history to structure and function.
Our BioQUEST colleagues Garry Duncan of Nebraska Wesleyan University, Lincoln, Eric Martz of the University of Massachusetts, Amherst, and Sam Donovan of the University of Pittsburgh developed a version of Protein Explorer that combines a published three-dimensional structure of a protein determined by X-ray crystallography and a multiple sequence alignment (MSA) to produce a three-dimensional view of each protein with individual residues colored to denote whether they are identical in the MSA, chemically similar, or different. Consider, for example, the pattern of evolutionary conservation of amino acid residues in the enzyme enolase (Fig. 3) .
The coloring of the three dimensional structure can also be used to encode the phylogenetic tree generated from the MSA. In such cases, active sites within these sequences would be basal on the tree because every sequence shares these residues. Some researchers refer to this labeling of shared characters (motifs) on a tree as molecular cladistics and such characters as synapomorphies.
Phylogenetic Maps of Physiology, Geographic Maps of Phylogeny
Other BioQUEST developers, including Vanja Klepac-Ceraj of Harvard University and Ivica Ceraj, Modupe Adeleye, and Martin F. Polz, who are all from Massachusetts Institute of Technology, are developing a visualizing tool, called Physio-Mapper (Fig. 4) , that soon will be available for general use. It makes use of a published topology of phylogenetic relation-
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Protein Explorer can take (A) a multiple sequence alignment (MSA) of amino acids in the enzyme enolase (e.c.4.2.1.11) from a variety of bacteria and eukaryotes, a published three-dimensional structure of a protein determined by X-ray crystallography from the Protein Data Bank (http://www.rcsb.org/pdb/Welcome.do) (B) to produce a three-dimensional view of the molecule with individual residues colored by whether they are identical (green) in the MSA, chemically similar (blue), or different (yellow). The complete evolutionary conservation over billions of years of the active site of the enzyme enolase is illustrated by the green region around the red substrate, 2-phospho-glycerate.
ships that is based on 16S rRNA sequences. The database enables pattern searches for properties uniting sets of organisms, and it allows matching of sequence information with either a single property or combinations of properties. This tool for basic research also will help clinical microbiologists to view isolates that they identify with diagnostic procedures in a phylogenetic context.
A sixth software package, the Experimental Google Earth Phylogenetic Tree Server, developed by the Cyberinfrastructure for Phylogenetic Research (CIPRES) project (available at http://www.treebase.org/getrees/), allows users to incorporate the latitude and longitude of where a particular microbial specimen was collected and then to rotate the topology of the corresponding phylogenetic tree of these specimens so that the terminal vertices (the OTUs) are placed at those sites on a geographic map. By encouraging epidemiologists, environmental microbiologists, and metagenomics experts to record precisely where specimens were collected, we hope that we can help them to better understand historical and genealogical relationships in an ecological and biogeographic context.
We might construct other "geographies." For example, what if we mapped the site of infection of every known human pathogen on the appropriate organ of the human body? The role of Helicobacter pylori in causing ulcers might have been accepted earlier by the health community if its human ecology had been described earlier.
Scientists working in the field of phylogeography-or topocladistics-investigate phylogenetic relationships in a spatial context. Edward Holmes, now at Pennsylvania State University, recently reviewed the phylogeography of human viruses. By triangulating evidence from multiple sequence alignments, phylogenetic trees, and geographic maps, we can better understand the origin and spread of emerging infectious diseases.
Molecular Clocks and Phylogenetic History
Fossils are used to calibrate the rate of molecular evolution on phylogenetic trees. How can this principle be applied to microbes without a good fossil record? Despite some long-term collections, such as those of Richard Lenski and his collaborators at Michigan State University, and deep dates corresponding to stromatolitic mats, the oxygen changes of the primordial atmosphere in iron ore deposits, and identifiable infections in fossilized bones, we usually resort to
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Physio-Mapper's COLOR TREE VIEWER (CTV) (top) & PROPERTY SELECTOR (bottom). CTV is used to map physiological/metabolic properties onto a predefined or user-specified phylogenetic tree. For example, all organisms with the ability to respire sulfate are marked with a rectangle in a specific color (red with a plus sign), whereas organisms that do not respire sulfate or for which sulfate respiration has not been determined, contain a box with different shades of that color (see Property Coloring Factory window). Three properties can be displayed on a tree at the same time.
reconstructing microbial histories from contemporary samples.
By examining distances calculated in multiple sequence alignments to construct corresponding phylogenetic trees, investigators have developed numerous methods for calibrating evolutionary rates for microbes. The basic observation is that if the molecular clock for a particular molecule is constant over time, then the distance from each terminal leaf of the tree (the OTUs) to the root of the tree should be identical.
Because this ultrametric condition is extraordinarily stringent, very few sets of data can satisfy it. Thus, population geneticists and phylogenetic systematicists have come up with various alternative measures that users can apply to determine whether a particular assumption about a molecular clock is warranted. Our point here is that triangulating evidence from multiple sequence alignments, phylogenetic trees, and stratigraphic maps (molecular clocks) affords a fifth form of checking the plausibility of evolutionary relationships.
